We present a systematic characterization of coherent anti-Stokes Raman scattering (CARS) microscopy. CARS signal generation in a heterogeneous sample under a tight-focusing condition is formulated by the Green's function method. The CARS radiation pattern and the forward-and backward-detected CARS signals from a three-dimensional Raman scatterer are calculated. The coherent nature of CARS image formation and its consequences for image contrast and spatial resolution are investigated. Experimental implementations of CARS microscopy with collinearly copropagating and counterpropagating excitation beams, forward and backward data collection, and polarization-sensitive detection are described. Finally, CARS images of unstained live cells with forward detection, epidetection, and polarization-sensitive detection are presented and compared.
INTRODUCTION
Imaging of chemical and biological systems based on various spectroscopic signals is a subject of wide interest. Fluorescence microscopy has been a powerful technique in cell biology 1, 2 following the development of various fluorescent probes 2, 3 and the achievement of threedimensional sectioning capability with confocal detection 4 and multiphoton excitation. [5] [6] [7] However, this technique has two disadvantages, namely, the photobleaching of fluorescent probes and their perturbation of cell functions. 8 Imaging based on the inherent vibrational properties of molecules provides a direct way of chemically mapping an unstained sample. Infrared (IR) imaging 9 and Raman imaging 10 are two mapping methods that are prevalent in vibrational microscopy. The spatial resolution of IR imaging is limited by the long excitation wavelength used (several micrometers), and IR absorption of water hinders the application of IR imaging to living cells. The shorter excitation wavelength used in Raman imaging avoids these problems.
Threedimensional Raman images with a high spatial resolution were obtained with a confocal Raman microscope. 11 However, this technique necessitates a high average laser power because of the low cross section of Raman scattering and often suffers from the presence of fluorescence background.
The difficulties in spontaneous Raman imaging can be circumvented by multiphoton microscopy based on coherent anti-Stokes Raman scattering (CARS). CARS spectroscopy has become the most well known nonlinear Raman technique 12 since the first systematic study of CARS by Maker and Terhune in 1965. 13 CARS spectroscopy has been extensively reviewed. [14] [15] [16] Briefly, CARS is a third-order nonlinear optical process that involves a pump and a Stokes laser beam at frequencies of p and s , respectively. The CARS signal at the anti-Stokes frequency of 2 p Ϫ s is resonantly enhanced when p Ϫ s is tuned to a Raman band, which can be used as the vibrational contrast in CARS microscopy. Other nonlinear optical techniques, such as second-harmonic generation, [17] [18] [19] sum-frequency generation, 20 and thirdharmonic generation, 21, 22 have also been incorporated with scanning microscopy. Among them, sum-frequency generation microscopy also provides vibrational contrast, but this technique is surface sensitive instead of bulk sensitive.
CARS microscopy has several advantages. First, because CARS is a coherent process, the constructive interference of the anti-Stokes radiation makes the CARS signal not only much larger than the spontaneous Raman signal but also directional for a sizable sample, so the collection efficiency is much higher than for spontaneous Raman scattering. Second, because the signal frequency is higher than the excitation frequencies, CARS can be detected in the presence of one-photon-induced fluorescence. Third, because CARS has a quadratic dependence on the pump field's intensity and a linear dependence on the Stokes field's intensity, the signal is generated in a small focal volume under the tight-focusing condition. Tight focusing permits three-dimensional sectioning of thick samples with high spatial resolution, similarly to multiphoton fluorescence microscopy. 5 Duncan et al. constructed the first CARS microscope in 1982. 23 They used two visible dye lasers and a noncollinear beam geometry. The CARS signal was detected in the phase-matching direction by use of a two-dimensional detector. However, the sensitivity of this scheme was limited for the reasons described below. Zumbusch et al. 24 reinvigorated CARS microscopy in 1999 by using two tightly focused near-IR laser beams in a collinear ge-ometry. The anti-Stokes signal was detected in the forward direction. The tight focus reduced the excitation volume and permitted three-dimensional CARS imaging. That research triggered many activities recently. [25] [26] [27] [28] The reason for using a collinear beam geometry in CARS microscopy is as follows: CARS needs to fulfill the phase-matching condition ͉⌬k͉ • l Ӷ , where ⌬k ϭ k as Ϫ (2k p Ϫ k s ) is the wave-vector mismatch and l is the interaction length. /͉⌬k͉ is the coherence length at which the first maximum of signal is obtained. In a collinear geometry with forward detection, the wave-vector mismatch is ⌬k ϭ ͓n as as Ϫ (2n p p Ϫ n s s )͔/c, where n j and j ( j ϭ p, s, as) are the refractive index and the frequency, respectively, for the pump, Stokes, and antiStokes beams. 15 Noncollinear beam geometries, such as the folded boxcars geometry, 29 were used in CARS spectroscopy to minimize the wave-vector mismatch and maximize the interaction length. However, the phasematching condition can be fulfilled with a collinear beam geometry in CARS microscopy because of the small interaction length (several micrometers) and the large cone angle of the wave vectors of the excitation beams under the tight-focusing condition. 30 In this case the noncollinear beam geometry is neither advantageous nor necessary. Comparing the recent implementation of CARS microscopy with collinear geometry 24 and with boxcars geometry 25 reveals that the former has superior spatial resolution and image quality.
The major disadvantage of CARS is the presence of a nonresonant background signal that arises from the electronic contributions, which can be enhanced in the presence of two-photon electronic resonance. 31 In fact, the use of visible light in the 1982 study 23 resulted in a large two-photon-enhanced background signal that overwhelmed the resonant vibrational signal. The use of near-IR light in the 1999 study 24 avoided two-photon electronic resonance and significantly increased sensitivity. In the development of CARS spectroscopy several methods, including double resonance interference, 32 pulsesequenced CARS, 33 and polarization CARS, [34] [35] [36] [37] were employed to reduce the nonresonant background.
Recently, much progress has been made toward reducing the nonresonant background in CARS microscopy. It was reported that epidetected CARS microscopy can significantly reduce solvent background and thus improve sensitivity. 38, 39 Cheng et al. showed that using longer excitation pulses (picosecond instead of femtosecond) not only can improve the spectral resolution but also can increase the ratio of the resonant CARS signal to the nonresonant background. 38 Recently Cheng et al. demonstrated that polarization CARS microscopy permits highsensitivity vibrational imaging by means of efficient suppression of the nonresonant background from both the sample scatterers and the solvent. 40 There has been a considerable amount of theoretical work on signal generation in CARS spectroscopy with various beam geometries. 30, [41] [42] [43] [44] [45] In all these studies a homogeneous bulk sample was considered. However, the situation of CARS microscopy is different in several aspects. First, one uses tightly focused beams for which the paraxial approximation breaks down. Second, the sample composed of the objects to be imaged and of the surrounding solvent medium is heterogeneous. It is therefore desirable to investigate the signal generation of CARS from a three-dimensional sample with tightly focused beams to be able to understand the distinctive features of CARS imaging. Potma et al. calculated the forward-detected CARS signal with tightly focused laser beams. 27 However, those authors dealt only with a thick slab sample, which provides inadequate information for understanding the imaging properties of CARS microscopy. Recently we investigated the forward-to-backward scattering ratio of CARS signals as a coherent addition of the radiation from an ensemble of Hertzian dipoles induced by pump and Stokes beams. 39 For the research reported here we used the Green's function method to calculate the CARS signal from an arbitrary sample generated with tightly focused Gaussian beams. We present the results of our systematic investigation of various experimental configurations with collinearly copropagating and counterpropagating incident beams, forward and backward signal collection, and polarization-sensitive detection. This paper is organized as follows: In Section 2 we present a theoretical description of the tightly focused incident fields and of signal generation and detection in CARS microscopy. In Section 3 we discuss the numerical results. In Section 4 we present the experimental implementations of CARS microscopy. Finally, we summarize our results in Section 5.
THEORETICAL MODELING A. Description of the Tightly Focused Incident Fields
The focusing of a Gaussian beam is usually described within the paraxial approximation, which is valid only with NA/n less than 0.5, where NA is the numerical aperture and n is the refractive index of the medium. 46 In CARS microscopy the pump and Stokes beams are focused into a sample by an objective lens with a high NA. The description by the angular spectrum representation of a tightly focused field was given by Richards and Wolf 47 and was used in the research reported here. A comparison with the calculation under the paraxial approximation is given in Appendix A.
In CARS microscopy, pulsed beams are used to increase the signal. Because the pulse spatial width (0.3 mm for a 1-ps pulse) is much longer than the focal length, the timedependent field envelope can be neglected and the pump (E p ) and the Stokes (E s ) fields can be written as
We assume that both the pump and the Stokes fields are linearly polarized along the x axis and that they propagate along the z axis. The two beams are spatially and temporally overlapped and then focused into a medium by a lens with focal length f, as depicted in Fig. 1 . The incident angle, denoted ␣, has a maximum, ␣ max , that is related to the NA of the lens by ␣ max ϭ sin Ϫ1 (NA/n). We assume that the incident fields have a fundamental Gaussian profile with a beam waist w 0 before the lens. The incident fields assume the following form:
where j ϭ p, s for the pump and the Stokes fields, respectively. The focal field is given in cylindrical coordinates by 47 ,48
I 00 ϩ I 02 cos 2 I 02 sin 2 Ϫi2I 01 cos ͬ , (4) with ϭ ͱ x 2 ϩ y 2 . The first, second, and third rows of the vector in Eq. (4) denote the x, y, and z polarization components, respectively. I 0m is given by
where g m (␣) equals (1 ϩ cos ␣), sin ␣, and (1 Ϫ cos ␣) for m ϭ 0, 1, 2, respectively. J m (m ϭ 0, 1, 2) is the Bessel function. k j ϭ 2n j / j is the wave-vector amplitude, where j is the laser wavelength. Equations (1)- (3) are also valid for a beam propagating along the Ϫz direction with k j ϭ Ϫ2n j / j . Equation (4) shows that the y-and z-polarized components result from tight focusing. For a fundamental Gaussian beam under the tight-focusing (NA ϭ 1.4) condition, max͉E y ͉ 2 /max͉E x ͉ 2 ϭ 0.003 and max͉E z ͉ 2 /max͉E x ͉ 2 ϭ 0.12 in the z ϭ 0 plane. Moreover, the y-and z-polarized fields are zero at the center of the focus. The contributions of y and z components to the detected CARS signal are small and are neglected in the following calculations. 49 Because of the small excitation volume under the high-NA condition, the spectral dispersion of the refractive index of the sample induces little wave-vector mismatch in the collinear beam geometry. 27, 30 We can therefore safely neglect index dispersion in calculating the CARS signal. In our modeling we assume no index mismatch between a scatterer and its surrounding medium, and the third-order susceptibilities of the scatterer and the surrounding medium are assumed to be different. Under this assumption the tightly focused fields described by Eqs. (3)- (5) can be used. The description of the focal field near an index-mismatched planar interface can be found elsewhere. 48, 50, 51 The calculation of CARS from an index-mismatched interface is feasible but highly complicated. Our model based on the above assumptions captures the essential picture of signal generation in CARS microscopy.
B. CARS Signal Generation and Detection
CARS microscopy deals with Raman scatterers of arbitrary shape and size. The generation and propagation of the CARS field are governed by the wave equation. The solution to the wave equation of a point source can be obtained by use of Green's function. The signal from a three-dimensional sample is then a linear superposition of the field from each point source inside the sample. In what follows, we begin our formulation with a general form of the wave equation. Gaussian units are used throughout.
The signal field induced by nonlinear polarization in a homogeneous and isotropic medium is governed by the following vector wave equation 52, 53 :
Here P NL (r, t) is the nonlinear polarization, n is the refractive index of the medium for the signal field, and c is the vacuum velocity of light. Equation (6) assumes no absorption of the signal field in the medium. The thirdorder polarization and the generated CARS field at the anti-Stokes frequency of as ϭ 2 p Ϫ s can be written as
Substituting Eqs. (7) and (8) into Eq. (6) and defining k as as n as /c, we obtain the wave equation for the CARS field under the slowly varying amplitude approximation:
By using ٌ ϫ ٌ ϫ E as (r) ϭ Ϫٌ 2 E as (r) ϩ ٌٌ • E as (r) and ٌ • E as (r) ϭ Ϫ4ٌ • P (3) (r)/ with ϭ n 2 , we can recast Eq. (9) as
where Î is a 3 ϫ 3 unit matrix. The exterior CARS field can be expressed in terms of the scalar Green's function by Here R(R, ⌰, ⌽) denotes the detection position (see Fig.  1 ) and V is the volume of the sample. The scalar Green's function for the CARS field is
In the far field, ͉R͉ ӷ ͉r͉, ͉R Ϫ r͉ can be approximated as ͉R͉ Ϫ R • r/͉R͉. The spherical components of the CARS field can be written as
Here î R , î ⌰ , and î ⌽ denote the spherical components of the CARS field. Equation (13) describes the CARS signal from a sample with arbitrary size and shape. It is evident that the far-field CARS signal is a transverse field. The CARS signal can be collected parfocally in the forward direction by use of a second lens or in the backward direction by the same objective lens. The collected CARS radiation power can be calculated by integration of the field intensity, (n as c/8)͉E as (R)͉ 2 , over the cone angle of the objective lens:
The integration range of ͓⌰ 1 , ⌰ 2 ͔ in Eq. (14) is ͓0, ␤ max ͔ for forward detection, where ␤ max is the cone angle of the collecting lens, and ͓ Ϫ ␣ max , ͔ for backward detection.
Equations (13) and (14) permit the calculation of the detected CARS signal as a coherent addition of the radiation field from the scatterer and that from the solvent. The model described above is generally applicable to any nonlinear coherent microscopy. Assuming that both the pump and the Stokes fields are polarized along the x axis, the induced polarization, P (3) (r), in Eqs. (9)- (11) has the following form:
Unit vector î x in Eq. (15) indicates that P (3) (r) is polarized along the x axis. The CARS field is then determined by the first column of the matrix in Eq. (13) . Pump field E p (r) and Stokes field E s (r) are described by Eq. (4). 1111 (3) ( as ) is a component of the third-order susceptibility tensor. Away from one-photon electronic resonance, 1111 (3) ( as ) can be obtained from perturbation theory 56 :
Here t denotes two-photon electronic transitions and R denotes Raman transitions. A j , j , and ⌫ j ( j ϭ t, R) represent strength, frequency, and half-width, respectively. The quantity NR represents the nonresonant electronic contributions. Using near-IR excitation pulses can prevent two-photon resonance, and the first four terms in Eq. (16) can be combined into a real number, denoted (3)NR .
C. Polarization-Sensitive Detection
The induced polarization in Eq. (15) contains a vibrationally resonant (P R ) and a nonresonant (P NR ) part, both polarized along the same direction. A general way to suppress the nonresonant background is to utilize the polarization difference between the electronic and the Raman contributions, which can be introduced by use of a pump beam and a Stokes beam of different polarization directions. [34] [35] [36] [37] As shown in Fig. 1(b) , the pump beam is linearly polarized along the x axis and the Stokes beam is linearly polarized along an angle from the x axis. The x and y components of P NR can be written as
The x and y components of the resonant part can be written in a similar way:
Away from electronic resonance, the nonresonant part is linearly polarized with angle with respect to the x axis [ Fig. 1(b) ]:
where angle is related to by tan ϭ NR tan . NR ϭ 1221 (3)NR / 1111 (3)NR is the depolarization ratio for the nonresonant third-order polarization and is equal to 1/3, following Kleinman's symmetry. 57 The nonresonant part can be suppressed by use of polarization-sensitive detection, for which an analyzer polarizer is placed before the detector to cross the linearly polarized nonresonant signal. The resonant part of the third-order polarization that can be detected through the analyzer has the following form 37 :
Here R ϭ 1221 (3)R / 1111 (3)R is the depolarization ratio for the resonant third-order polarization and is equal to the spontaneous Raman depolarization ratio of the corresponding band. 58 The value of R is dependent on the symmetry of the vibrational mode and is in the range of 0-0.75. Equation (20) indicates that the forwarddetected polarization CARS intensity depends on the ratio between R and NR . When R ϭ 1/3, no resonant signal can be detected. For an anisotropic vibrational mode ( R ϭ 0.75), the resonant CARS signal with polarization-sensitive detection is 8% of the resonant signal with parallel-polarized excitation beams.
Assuming that the extinction ratio (measured as the ratio of the maximum to the minimum signals by rotation of the analyzer) is r for the nonresonant signal, the vibrational contrast with polarization-sensitive detection is
It can be seen that the vibrational contrast is maximized with ϭ 45°. The optimal value for angle is then 71.6°according to the relation tan ϭ 3 tan . According to Eq. (21) the signal-to-background ratio (vibrational contrast) can be enhanced by r(1 Ϫ R / NR ) 2 /4 times that with parallel-polarized pump and Stokes beams.
With suppression of the nonresonant background the relative concentration of a specific vibrational oscillator or species can be obtained from the square-rooted image intensity. It should be noted that the linear relation between the concentration and the square-rooted image intensity holds only for a homogeneous sample. The dependence of CARS signals on the shape and orientation of a scatterer at focus (see Subsection 3.B below) may distort the linear relationship.
NUMERICAL RESULTS AND DISCUSSION
In the following calculation we assume that the waist of the incident beam matches the back aperture of the objective lens (i.e., w 0 ϭ f sin ␣ max ; see Fig. 1 ). The refractive index is set to be 1.5. The NA of the objective lenses is assumed to be 1.4, except for the case presented in Subsection 3.D below in which we study the NA dependence of the CARS signal. We also assume that p ϭ 0.9 s ϭ 1.1 as . For example, if the pump wavelength is 750.0 nm, the CARS wavelength is 681.8 nm and the Raman shift is 1467.0 cm Ϫ1 .
A. Tightly Focused Excitation Fields
For a beam propagating along the ϩz axis the intensity distribution near the focus is as shown in Fig. 2(a) . The lateral intensity profile at z ϭ 0 and the longitudinal profile at x ϭ y ϭ 0 exhibit a FWHM of 0.4 and 1.0, respectively. Figure 2(b) shows the axial phase shift of the focal field. The plane-wave part ͓exp(ikz)͔ is subtracted. A negative phase transition along the z axis can be seen. This is known as the Gouy phase shift. 46 It is interesting to discuss the effect of the Gouy phase shift on CARS microscopy. With the tightly focused laser beams, the phase-matching condition for CARS can be approximately revised as 
The Gouy phase shift is Ϫ in the region from z ϭ Ϫ to z ϭ [ Fig. 2(b) ], however, where most of the signal is generated. Consequently the wave-vector mismatch caused by the Gouy phase shift is 2/2 p Ϫ /2 s . This value corresponds to a coherence length of 2 s p /(2 s Ϫ p ), which is comparable with the axial length of the excitation volume. Therefore a large CARS signal can be obtained from a bulk sample in the forward direction. In contrast, third-order harmonic generation from a bulk medium is canceled under the tight-focusing condition because of a large wave-vector mismatch (3/2) associated with the Gouy phase shift.
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B. CARS Radiation Pattern
The radiation pattern of CARS is a consequence of the coherent summation of the radiation from an ensemble of coherently induced Hertzian dipoles. The angular distribution of CARS signals under the tight-focusing condition is calculated with Eq. (13). We consider a copropagating beam geometry, i.e., both the pump and Stokes beams propagate along the ϩz axis. We set R as a constant, and the signal is integrated over the angle ⌽. Figure 3(a) shows the radiation pattern of the CARS signal from spherical scatterers centered at the focus. When diameter D of the scatterer is much smaller than the pump wavelength, the phase-matching condition is satisfied in all directions of k as . Therefore the CARS radiation pattern is symmetric in both the forward and the backward directions, identical to that of a Hertzian dipole. With increasing sample size, the CARS radiation is confined in a small cone angle in the forward direction. The signal from the sample with diameter 3.0 p resembles the CARS generation from a bulk medium. Figure 3(a) indicates that the CARS signal from a large scatterer can be efficiently collected with a lens of low NA, whereas collection of the CARS signal from subwavelength samples needs a high-NA lens. 59 The radiation pattern depends not only on the sample size but also on the sample shape. Figure 3(b) shows the radiation pattern of CARS from a rod sample with diameter 0.2 p and length 2.0 p along the axial direction, a spherical sample with diameter 0.78 p , and a disk sample with diameter 0.89 p and thickness 0.1 p . Although the three samples have the same volume, their CARS radiation patterns and intensities are quite different. The thin disk sample has a sharp paraxial radiation pattern in both forward and backward directions, whereas the greatest part of the signal from the rodshaped sample goes forward with a large cone angle than the spherical scatterer. The shape dependence of the signal intensity and the radiation pattern can be used to monitor the tumbling motions or conformation changes of macromolecules with CARS microscopy.
C. Forward-and Backward-Detected Signals
The forward-(ϩz) and backward-(Ϫz) detected CARS signals are calculated from Eq. (14) . First we consider a copropagating beam geometry. Figure 4 (a) displays the CARS signal as a function of diameter D of a spherical sample centered at the focus. The forward-detected signal first grows rapidly with the increasing diameter and then becomes saturated when the diameter is larger than
5 times smaller than the corresponding forward signal. Therefore the epidetection geometry provides a way to image small features embedded in a nonlinear medium, 38, 39 which is difficult to do in the forward direction because of the presence of a large forward signal from the surrounding solvent. The epidetected signal from a scatterer with sca (3) embedded in a nonlinear medium with sol (3) exhibits the same behavior but with an effective sample susceptibility of sca (3) Ϫ sol (3) . The signal generation from a small scatterer provides the first contrast mechanism for epidetected CARS microscopy. Figure 4 (b) displays the CARS signal from a hemisphere located in the z Ͼ 0 region with its center at the focus. The forward-detected signal displays the same behavior as that for a spherical sample. The maximum of the epidetected signal appears when D equals 0.5 p . It can be seen that the epidetected signal from the boundary of such a semi-infinite sample is ϳ1.2% of the forwarddetected signal. However, our calculation shows that the CARS signal from an interface parallel with the optical axis goes forward and the radiation power is maximized along the optical axis. The signal generation at an interface perpendicular to the optical axis provides the second contrast mechanism for epidetected CARS microscopy.
It should be mentioned that the epidetected CARS at an interface can also arise from a mismatch of the refractive index ͓Re
(1) ͔. Backward reflection of the forwardgoing CARS at an index-mismatched interface gives the third contrast mechanism for an epidetected CARS image. In practice, if the excitation beams are not focused on the interface, the backreflected signal is defocused on the detector and can be minimized by the use of confocal detection. For small scatterers, the backreflected signal is negligible compared to the episcattering signal from the scatterer.
One way to avoid a backreflected signal at an interface is to use a counterpropagating beam geometry. We assume that the pump and Stokes beams propagate along the ϩz and Ϫz directions, respectively. As shown in Fig.  4(c) , both the forward-(ϩz) and the backward-(Ϫz) detected signals evolve with the sample diameter in a similar way as the epidetected signal in the copropagating geometry, whereas the forward signal is much higher than the backward signal. In addition, the maximum of the forward-detected signal in the counterpropagating geometry is approximately twice that of the epidetected signal in the copropagating geometry. The counterpropagating beam geometry provides another way to image small features and thin films embedded in a nonlinear medium by significantly reducing the CARS signal from the bulk medium. It should be noted that CARS signals can also be generated at the interface of two media with different values of (3) for the counterpropagating geometry.
D. Dependence of the CARS Signal on Numerical Aperture
We assume that the focusing and the collection lenses have the same NA. Figure 5 depicts the forwarddetected CARS signal from a spherical sample as a function of diameter D under different NA conditions. It can be seen that the use of a higher-NA objective lens confines the signal generation to a smaller volume and thus improves the spatial resolution. With the same average laser power, the CARS intensity from a subwavelength (D Ͻ P ) scatterer can be significantly enhanced by a higher-NA objective. For a bulk sample the signal is slightly higher when a lower-NA objective is used.
E. Coherent Image Formation and Spatial Resolution
CARS microscopy is a coherent imaging method. The image intensity is a squared modulus of the coherently superimposed radiation fields from different parts of the sample. Consequently the image profile is no longer the convolution of the objects with the intensity point-spread function of the excitation fields as in the case of fluorescence microscopy.
To understand the coherent nature of CARS imaging, we first consider a model system that contains a spherical Raman scatterer embedded in a nonlinear medium. We assume that the solvent has only a nonresonant contribution, sol (3) ϭ sol (3)NR , while the scatterer has both resonant and nonresonant components, sca (3) ϭ sca (3)R ϩ sca (3)NR . The nonresonant susceptibilities, sca (3)NR and sol (3)NR , are frequency independent, whereas sca (3)R is described by the last term in Eq. (16) . In the calculation we choose 2⌫ R ϭ 9.2 cm Ϫ1 and A R / sca (3)NR ϭ 2.0 cm Ϫ1 based on the CARS spectrum of the R ϭ 1600 cm Ϫ1 band of polystyrene (see Fig. 8 below) and sol (3)NR / sca (3)NR ϭ 0.6. We assume that the pump and the Stokes beams propagate along the ϩz direction and that the signal is detected in the forward direction. The pump wavelength is assumed to be 750 nm. The image intensity at each pixel was calculated by an integration of the CARS radiation field over a spherical volume with diameter 6.0 p and centered at the focus.
The lateral CARS intensity profiles along the x axis of a 1-m scatterer are calculated with Eqs. (13) and (14) and are shown in Fig. 6(a) as a function of the detuning ( p Ϫ s ) Ϫ R . It is interesting that the image contrast becomes much lower when p Ϫ s is positively detuned from the vibrational frequency by several wave numbers. This occurs as a result of destructive interference between the resonant signal from the scatterer and the nonresonant signal from the solvent and the scatterer, which is consistent with the characteristic dip in a CARS spectrum 31 [see Fig. 8 (a) below, for example]. The highest image contrast is obtained with a small negative detuning, in accordance with the redshift of the CARS peak from the central frequency of the spontaneous Raman band. When p Ϫ s is tuned away from any Raman resonance, the contrast is still present as a result of the different nonresonant susceptibilities of the scatterer and the solvent. However, these effects can be circumvented with polarization-sensitive detection that suppresses the nonresonant background from both the scatterer and the solvent. Next we consider two adjacent spherical samples with diameter 0.2 p . For simplicity we assume that there is no background signal from the solvent. Figure 6(b) shows the lateral CARS intensity profile for the two scatterers located in the focal plane at different separation distances. The two scatterers are clearly resolvable when they are separated by 0.5 p . The FWHM of 0.25 p for each peak is below the diffraction limit of 0.61 p /NA, owing to the nonlinear and coherent properties of CARS. It is interesting to note the intensity modulation in the profile that results from the interference between the signals of the two scatterers. At distance 0.3 p the coherent superposition of the CARS signal causes the appearance of a third peak in the middle of the two peaks for each scatterer. Finally, the two scatterers cannot be resolved at all when they touch each other. In this case, only one peak shows up with a stronger intensity. Similar results are obtained in the axial direction, as shown in Fig. 6(c) . However, the coherent addition in the axial direction leads to an asymmetric intensity profile when the two scatterers approach each other.
Figures 6(b) and 6(c) allow us to evaluate the spatial resolution of CARS microscopy in terms of its capability for resolving adjacent Raman-active scatterers. It can be seen that a lateral resolution of 0.5 p and a depth resolution of 1.0 p can be achieved in CARS microscopy with objective lenses of 1.4 NA. Figures 6(b) and 6(c) , however, imply that the coherent property of CARS can scramble the spatial resolution to some extent.
EXPERIMENTAL IMPLEMENTATION
A. Instrumentation
We implemented CARS microscopy by using four different configurations: (a) forward-detected CARS (F-CARS) with parallel-polarized pump and Stokes beams, (b) forward-detected polarization CARS (P-CARS), (c) epidetected CARS (E-CARS) with parallel-polarized pump and Stokes beams, and (d) counterpropagating CARS (C-CARS) with parallel-polarized pump and Stokes beams and detection in the pump beam propagation direction. Schematics of these configurations are shown in Fig. 7 .
We obtained CARS images by raster scanning the sample with respect to the fixed laser beams, using a three-dimensional scanning stage (Physik Instrumente, Germany) on an inverted microscope (TE300, Nikon). The filtered CARS signal was detected with an avalanche photodiode (Perkin-Elmer, Canada). The detection area was ϳ170 m ϫ 170 m. No confocal pinholes were used for epidetection. The F-CARS, E-CARS, and P-CARS images were obtained with two synchronized near-IR picosecond pulse trains at a repetition rate of 80 MHz (Tsunami, Spectra-Physics). 38 The repetition rate was reduced to several hundred kilohertz by a pair of Pockels cells (Model 350-160, Conoptics). The CARS signal could be enhanced m 2 times if the repetition rate was lowered by m times while the same average power was maintained. The transform-limited pulse width of each beam was 5 ps (FWHM), corresponding to a spectral width of 2.9 cm Ϫ1 (FWHM). The pump wavelength was tunable from 690 to 840 nm, and the Stokes beam from 770 to 900 nm. The focusing lens was either an NA ϭ 1.2 water objective lens (Olympus) or an NA ϭ 1.4 oil objective lens (Nikon). The collecting lens is an NA ϭ 1.4 oil objective lens (Nikon). The C-CARS image was obtained with two identical oil objective lenses (Nikon) on a regeneratively amplified Ti:sapphire laser system that pumps an optical parametric amplifier (RegA9000/ OPA9400, Coherent). 39 The pump and Stokes beams were two 110-fs (FWHM) pulse trains, at 800 and 917 nm, respectively, at a repetition rate of 250 kHz.
B. Characterization
Polystyrene beads embedded in water were used as a model system. We focused on two weak Raman bands, at 1601 and 1582 cm
Ϫ1
. These two bands correspond to the quadrant stretch of the monosubstituted benzene ring, 60 with intensities comparable with those of the protein and DNA Raman bands in the fingerprint region. Fig. 6(a) ]. As shown in Fig. 8(b) , the highest image contrast is obtained with small negative detuning, in agreement with the shift of the CARS band peak toward lower frequency. The image contrast becomes much lower when p Ϫ s is positively detuned from the vibrational frequency by several wave numbers [ Fig.  8(d) ]. This lower image contrast arises from the destructive interference between the signal from the bead and that from water and is consistent with the characteristic dip at 1608 cm Ϫ1 of the CARS spectrum. When p Ϫ s is tuned away from any Raman resonance [ Fig.  8(e) ], the contrast is still present owing to the nonresonant contributions of the polystyrene beads.
It is interesting that the F-CARS images in Figs. 8(b)-8(e) show a weak dip about the beads (see the dip at the distance of 3.5 m in the intensity profile). The dip might be the result of destructive interference between the CARS field from the scatterer and that from the surrounding solvent. Another reason for the dip might be the mismatch of the index of refraction between the scatterer and the solvent, which distorts the foci of the excitation fields and reduces the forward-detected signal.
High vibrational contrast was obtained by P-CARS microscopy by efficient suppression of the nonresonant background from the scatterer and the solvent. For the 1582-and 1601-cm Ϫ1 bands of polystyrene the depolarization ratio was measured with a Raman spectrometer (JobinYvon-Spec; LabRam) to be 0.71. An extinction ratio of 600 for the nonresonant CARS signal was achieved with NA ϭ 1.4 objective lenses. Thus the contrast can be enhanced by a factor of 150 according to Eq. (21) . Figure 9 (a) shows the P-CARS spectrum of polystyrene. It is evident that the nonresonant background is effectively suppressed and that the P-CARS peaks coincide with the spontaneous Raman peaks. Shown below the spectrum are three P-CARS images, at 1582, 1600, and 1652 cm
, of the same 1-m polystyrene beads spin coated onto a coverslip and covered with water. The lateral intensity profile across the bead is shown below each image. Efficient reduction of the nonresonant water signal results in a signal-to-background ratio of better than 50:1 [ Fig. 9(c) ], which is much higher than that in the F-CARS image with parallel-polarized incident beams (Fig. 8) . It should be noted that no P-CARS signal from the weak Raman band of water near 1620 cm Ϫ1 was detected. The ratio of the peak intensity with p Ϫ s ϭ 1600 cm Ϫ1 [Fig. 9(c) ] to that with p Ϫ s ϭ 1582 cm Ϫ1 [ Fig. 9(b) ] is about 2:1, consistent with the P-CARS spectrum of polystyrene shown above the images. When p Ϫ s was off resonant (1652 cm Ϫ1 ), the signal shown in Fig. 9(d) was 20 times weaker than that with p Ϫ s tuned to 1600 cm
. We believe that this residual contrast results from the birefringence of both the excitation and the signal fields induced at the nonplanar and index-mismatched interface between polystyrene beads and water, similar to the contrast mechanism of polarization microscopy. This contrast has no spectral selectivity, and one can distinguish it from the vibrational contrast in a P-CARS image by tuning p Ϫ s away from the Raman resonance. With p Ϫ s tuned to the 1000-cm Ϫ1 band, 200-nm polystyrene beads embedded in gel could be detected with a signal-to-background ratio of 5:1 in our experiment.
High-sensitivity imaging of small features was achieved with E-CARS microscopy by significant reduction of the solvent background signal. Figure 10(a) shows an E-CARS image of three adjacent 200-nm polystyrene beads embedded in 2% agarose gel. p Ϫ s was tuned to the aromatic C-H vibration at 3052 cm
. A signal-to-background ratio of ϳ40:1 was obtained. The source of the background is the dark counts. The backward CARS signal from bulk water was undetectable in our experiment. The epidetected signal from the polystyrene beads resulted from a lack of destructive interference of the backward CARS because the bead size was much smaller than the excitation wavelength. As the pump wavelength used for this image was 710 nm, the bead diameter of 200 nm was near 0.3 p , where the first maximum of the E-CARS signal was reached [see Fig.  4(a) ].
The lateral intensity profile in Figure 10 (a) shows that the adjacent 0.2-m beads separated by 0.5 m can be clearly resolved, indicating a lateral resolution of better than 0.5 m. By moving a water objective lens (NA ϭ 1.2) with a stepping motor, we obtained the axial CARS intensity profile of a 200-nm polystyrene bead, with a FWHM of 750 nm (data not shown). This result indicates that the axial resolution of CARS microscopy is ϳ1.0 p under the tight-focusing condition.
C-CARS microscopy provides another way to image submicrometer features embedded in a nonlinear medium with high sensitivity. Figure 10(b) shows a C-CARS image of 500-nm beads upon a cover glass and covered with water. p Ϫ s was tuned to the Raman band at 1600 cm
. A signal-to-background ratio of ϳ10:1 was obtained by effective suppression of the background signal from the surrounding bulk medium. Compared to that in E-CARS, implementation of the spatial overlap of the two foci of the pump and Stokes beams is more difficult in C-CARS microscopy.
C. Live Cell Imaging
Chemical mapping of living cells is one of the major applications of CARS microscopy. It is useful to compare the performance of F-CARS, E-CARS, and P-CARS in live cell imaging. Figure 11 shows the F-CARS, E-CARS, and . Shown below the spectrum are P-CARS images of 1-m polystyrene beads upon a coverslip and covered with water. The pump and Stokes powers were 1.2 and 0.6 mW, respectively, at a repetition rate of 400 kHz. The size of the image was 4 m ϫ 4 m, and the acquisition time was 160 s for each image. The pump and Stokes beams were two 110-fs pulse trains at 800 and 917 nm, respectively. The pump and Stokes powers were 100 and 50 W, respectively, at a repetition rate of 250 kHz. The image size was 3 m ϫ 2 m, and the acquisition time was 126 s.
P-CARS images of unstained epithelial cells with p Ϫ s tuned to the fingerprint region of the Raman spectra of biological molecules.
F-CARS necessitates using low excitation power. However, the F-CARS signals from the cellular components are overwhelmed by the large water background, as can be seen from the intensity profile below the image.
E-CARS greatly improves the image contrast by means of efficient suppression of the water background. 38, 39 Epidetection, however, cannot discriminate the nonresonant background from the scatterers. The spectral selectivity of E-CARS microscopy is poor when the nonresonant signal from sca (3)NR Ϫ sol (3)NR exceeds the resonant signal from sca (3)R . E-CARS can be used for vibrational imaging with strong resonant CARS signals, for example, imaging of live cells based on the C-H stretching vibration when the resonant signal is much larger than the nonresonant background because of the high density of the C-H modes.
P-CARS can suppress the nonresonant background from both the scatterers and the solvent. Figure 11(c) shows the distribution of proteins in an epithelial cell based on the P-CARS contrast of the amide I band. 40 Detuning p Ϫ s from the amide I band results in faint contrast, which proves the spectral selectivity. The background shown in the intensity profile of Fig. 11(c) arises from leakage of the excitation beams and the residual nonresonant signal.
CONCLUSIONS
In this paper we have presented a systematic theoretical description and experimental characterization of CARS microscopy. We have developed a theoretical model of CARS signal generation from an arbitrary Raman scatterer by tightly focused Gaussian beams based on the Green's function method. This model is generally applicable to signal generation in any nonlinear coherent microscopy. Our calculations provide a quantitative description of the contrast mechanisms and the imaging properties of CARS microscopy.
CARS imaging is distinctively different from fluorescence imaging because of its coherent nature. Coherent summation of CARS from different parts of the sample and the interference between resonant and nonresonant CARS signals determine the image intensity. Our experimental results demonstrate that collinear CARS microscopy gives a lateral resolution of better than 0.5 m and a depth resolution of 0.75 m with tightly focused excitation beams.
F-CARS microscopy produces a large signal at low excitation power. However, the resonant F-CARS signal is often overwhelmed by the nonresonant background from the scatterers and the solvent. The E-CARS and C-CARS beam geometries introduce a phase mismatch, which acts as a size filter that effectively rejects the signal from the bulk solvent. E-CARS and C-CARS signals arise from small scatterers or from interfaces of two sizable media that have different values of (3) . The E-CARS signal could be complicated by backreflection of the forward CARS signal at an interface. C-CARS avoids the backreflection problem, but its implementation is more difficult. P-CARS microscopy efficiently reduces the nonresonant background from both the scatterers and the solvent. In practice, the scatterers could induce some birefringence for the excitation field and the signal field and produce an additional contrast [see Fig. 9(d) ] that is frequency independent and can be distinguished from the vibrational contrast by tuning of the laser frequency.
The various beam geometries and detection schemes described in this paper can be applied under different circumstances. F-CARS is suitable for vibrational imaging based on certain modes (e.g., C-H stretching vibration) with a large resonant CARS signal. P-CARS provides a general method of vibrational imaging with high contrast. E-CARS permits high-sensitivity imaging of small features embedded in a nonlinear medium. Our experimental implementation has demonstrated the exciting possi- 
APPENDIX A
In this appendix we check quantitatively the difference between the paraxial approximation and the angular spectrum representation in calculations of nonlinear optical signal generation. Under the paraxial approximation, the focus field for a fundamental Gaussian beam at wavelength is given by 46 However, a large difference shows up for large samples.
E͑, z ͒ ϭ E
As the E-CARS signal from bulk is not detectable in our experiment, the calculation with an angular spectrum representation gives a better description of the experimental observation.
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